The printing of plasmonic structural colors relies on noble metal nanostructures fabricated on Si, glass, or plastic substrates. This paper presents a simple surface structure for producing vivid structural colors directly from common metal substrates. The structure is formed by texturing the surface of stainless steel (STS) via imprinting and coating it with a dielectric layer. Diverse colors are generated simply by varying the thickness of the dielectric layer. The colors arise from surface plasmon resonance and guided-mode resonance of the incident light, which are excited on the textured STS surface and inside the dielectric layer, respectively. A finite-difference time-domain simulation shows that 500 nm is the optimum texture periodicity with regard to the tunability and vividness of the colors. This is experimentally verified by printing many differently colored images on the surface of STS substrates with a texture period of 500 nm. The proposed structure/method does not require a nanofabrication technique such as electron-beam lithography or focused ion beam etching. The results of the study provide a facile route for producing vivid structural colors on metals, which may find various applications, including surface decoration, product identification, anti-counterfeiting, and perfect absorbers.
Introduction
Structural colors emerge because of the interactions of light with surface structures. [1] [2] [3] [4] [5] [6] [7] Fundamental optical processes such as reection, refraction, interference, diffraction, and resonance account for the emergence of structural colors. The engineering of structural colors has drawn great interest in a variety of elds, such as photovoltaics, 8, 9 at panel displays, 10 sensors, 11, 12 product identication, and anti-forgery. 13, 14 Surfaces decorated with structural colors are also receiving considerable attention owing to their widespread use. [15] [16] [17] [18] Structural colors are easily observed in nature. The beautiful colors of bird feathers and buttery wings may be the most brilliant and brightest structural colors in nature. Over the past decade, various articial structures have been investigated to mimic the structural colors of living creatures, e.g., nanoparticle assemblies, multiscale structures, photonic crystals, diffraction gratings, and selective mirrors. 14, [19] [20] [21] [22] [23] [24] [25] However, the practical applications of these biomimetic structures are limited due to their complex fabrication processes and durability issues. Plasmonic colors are structural colors that arise from the resonant interactions between visible light and metal nanostructures. [26] [27] [28] [29] [30] Color printing based on plasmonic nanostructures has attracted considerable attention owing to its broad potential applications. [31] [32] [33] [34] [35] However, achieving plasmonic colors over large areas for practical use remains a challenge. Plasmonic nanostructures operating at visible wavelengths require subwavelength features and are typically fabricated using focused ion beam or electron-beam (e-beam) lithography. These nanofabrication techniques are neither economical nor scalable. Additionally, because the colors are tuned by tailoring the geometry and dimensions of the structure, nanostructures with different shapes and sizes are needed to produce different colors.
Thus far, plasmonic color printing has mainly relied on noble-metal nanostructures fabricated on glass, Si, or plastic substrates. If plasmonic structures can be formed on common metal substrates without using nanofabrication techniques, the fabrication complexity and cost can be signicantly reduced. In a recent study, 15 we showed that structural colors could be produced by texturing the surface of stainless steel (STS) and subsequently coating it with a dielectric protective layer. This approach exploits the excitation of surface plasmon resonance (SPR) and guided-mode resonance (GMR), which occur on the STS surface and inside the dielectric layer, respectively. The demonstration of SPR on STS is encouraging in that STS, rather than noble metals such as Au and Ag, can be used for metal plasmonics. Nevertheless, many aspects of this SPR and GMR-based coloration remain unclear, including the effects of structural parameters such as the texture period and the refractive index and thickness of the dielectric layer. In the present study, we analyzed the effects of these structural parameters on the hue, saturation, and brightness of colors via a nite-difference time-domain (FDTD) simulation. The objective of this analysis was to identify optimum structures that maximize the color gamut. The effect of the texture period is particularly important because it ultimately determines the technique required to fabricate the surface structure. The FDTD simulation showed that 500 nm is the optimum texture period for the production of vivid colors over a wide tuning range. The surface of the STS substrates was one-dimensionally textured with this period via imprinting and etching and subsequently coated with a dielectric layer. Diverse colors were generated by varying the thickness of the dielectric layer; thus, the simulation results were experimentally veried. Additionally, color image patterns were printed by locally controlling the layer thickness. This study provides a promising route to print structural colors on STS and guidance for designing and producing colors on other metal substrates. Fig. 1 shows the structure used for the simulation, where a dielectric layer with refractive index n and thickness t is stacked on an STS substrate that has a one-dimensional (1D) surface grating with period p. Here, the dielectric-layer thickness t represents the thickness measured from the top surface of the grating. The duty cycle and height of the grating were xed at 0.5 and 60 nm, respectively, and the grating was assumed to have a step-wise prole. Another assumption is that the surface of the dielectric layer was planar regardless of its thickness. The normal-incidence reectance of the structure was simulated in the spectral range of 300-1000 nm. The simulation was performed under two different polarizations: transverse-electric (TE) and transverse-magnetic (TM). The periodic structure acts as a diffraction grating for light with wavelengths smaller than the grating period, dividing the incident light at these wavelengths into multiple beams. In the simulation, only 0 th -order specular reection was detected, and higher-order diffracted beams were ltered out to compare the simulation and experimental results more precisely. The period (p) of the grating and the refractive index (n) and thickness (t) of the dielectric layer were the three major parameters in the simulation. Although the reection spectrum may also depend on other factors, such as the shape, aspect ratio, and duty cycle of the grating and the surface morphology of the dielectric layer, the three aforementioned parameters were expected to have dominant effects. The grating period was varied from 300 to 700 nm with intervals of 100 nm, and the layer thickness was varied with intervals of 10 nm. The complex refractive index, N ¼ n + ik, of the experimentally used STS substrate was measured as a function of the photon energy by ellipsometry using a polished sample. The measured optical constants n and k were used for the FDTD simulation. Fig. S1 (ESI †) shows the real-part dielectric constant 3 m of the STS substrate, which was derived from the relation 3 m ¼ n 2 À k 2 . For the excitation of SPR, 3 m should be negative with its magnitude larger than the dielectric constant (1 for air and 4 for a dielectric medium with n ¼ 2) of the surrounding medium. The frequency-dependent 3 m values measured for the STS substrate meet this requirement in the visible range. Fig. 2 (a) shows the reectance (R) of TE-polarized light with respect to the thickness of the dielectric layer and the wavelength (l) of the light at three different grating periods: p ¼ 300, 500, and 700 nm. The refractive index of the dielectric layer was n ¼ 1.6. For p ¼ 300 nm, the reection spectrum was dominated by interference from the dielectric layer. A narrow resonance peak (i.e., a dip in reectance) appeared in the range below 450 nm only when t exceeded 160 nm. As the grating period increased to p ¼ 500 nm, this resonance peak red-shied and became stronger, with an additional peak appearing for t > 200 nm. The wavelength of the resonance peak increased with t. The resonance branch line was red-shied further at p ¼ 700 nm. As shown in Fig. 2(a) , the overall reectance suddenly decreased at wavelengths smaller than the grating period. This is because higher-order diffracted beams were ltered out to obtain only the 0 th -order specular reection. The resonance peaks observed under TE polarization are attributed to GMR; the GMR branches are indicated by white dotted lines in Fig. 2 (a). Fig. 3 (a) shows the reection spectrum obtained for p ¼ 500 nm and t ¼ 150 nm. A resonance peak was observed at l ¼ 603 nm. The electric eld (E-eld) prole at the resonance wavelength indicates that the eld was mainly conned in the dielectric layer, representing a standing wave along the direction perpendicular to the grating grooves. GMR can be considered as a combination of the diffraction and waveguide. [36] [37] [38] [39] [40] When the incident light is diffracted by the grating, the angle of a diffraction mode can match the angle of a guided mode supported by the dielectric layer, resulting in a resonance peak (i.e., a reectance dip). Fig. 2(b) shows the reectance of TMpolarized light with respect to t and l at three different grating periods: p ¼ 300, 500, and 700 nm. Here, the SPR branches are indicated by solid lines, and the GMR/SPR combined branches are indicated by long dotted lines. Fig. 3(b) shows the spectrum of TM-polarized light simulated with the same conguration (p ¼ 500 nm and t ¼ 150 nm). Two strong resonance peaks were observed. At l ¼ 821 nm, the magnetic eld (H-eld) was localized on the surface of the metal grating, conrming that the peak at this wavelength was due to SPR. The peak observed at a shorter wavelength of 519 nm was due to the combination of GMR and SPR. It is known that GMR and SPR can be simultaneously excited at a single wavelength. 37, 40 Fig. 2 indicates that both TE and TM polarizations can support GMR, whereas SPR can be excited by TM-polarized light only. As the refractive index of the dielectric layer increased, a larger number of GMR, SPR, and combined modes were obtained. Fig. S2 (ESI †) presents the simulation results for n ¼ 2.0.
Results and discussion
Surface plasmons cannot be excited on a planar metal surface because the conservation of energy and momentum cannot be satised simultaneously. Therefore, a momentum transfer process is required to excite surface plasmons (i.e., to support SPR absorption). A periodic texture formed on the metal surface can act as a diffraction grating and thus transfer the momentum of incident light. [41] [42] [43] However, SPR is supported only when the electric eld of the incident light is parallel to the grating vector, which is perpendicular to the grating grooves. [41] [42] [43] That is, SPR is supported by TM polarization only, and TE-polarized light does not produce any SPR peak. The coating of a dielectric layer onto the metal grating has two effects. First, it modies the condition (i.e., wavelength) for SPR to occur. More importantly, it can excite GMR. As mentioned, GMR can be regarded as a combination of the diffraction and waveguide. When the metal grating is in close proximity to a dielectric slab waveguide, the incident light will be diffracted by the grating. If the angle of a diffraction mode matches the angle of a guided mode supported by the dielectric slab, a strong resonance called GMR occurs, resulting in a reectance dip. GMR can take place under both TE and TM polarizations.
All these account for the polarization-dependent optical responses (reection spectra and colors) of the structure shown in Fig. 1 . While the excitation of SPR and GMR is fundamentally enabled by the diffraction of incident light, and the far-eld diffraction beams generated by the grating do not directly inuence the colors observed under normal incidence because they spread out. Using colorimetric transformations, the reection spectra were mapped to points on the CIE-1931 chromaticity diagram to determine the corresponding colors. Fig. 4 shows the dependence of the colors on the dielectric-layer thickness when n ¼ 1.6. For p ¼ 300 and 400 nm ( Fig. 4 (a) and (b), respectively), the colors revealed by TE-polarized light were not vivid. This is because the colors appearing at these grating periods were mainly due to an interference effect associated with the dielectric layer. As shown in Fig. 2 (a), a GMR mode was located in the spectral range below l ¼ 450 nm at p ¼ 300 nm. Therefore, it made a negligible contribution to the appearing colors. In contrast, when the grating period was increased to p ¼ 600 and 700 nm ( Fig. 4(d) and (e), respectively), the colors produced under TM polarization exhibited a limited tuning range. Additionally, they were very dark. As shown in Fig. 2(b) , visible light incident on the grating with p ¼ 700 nm had low specular reectance owing to scattering by the grating. Thus, the amount of light captured in the far-eld is small, making the produced colors dark. At p ¼ 500 nm (Fig. 4(c) ), a wide range of vivid colors was produced under both TE and TM polarizations, indicating that among the ve different grating periods investigated, p ¼ 500 nm was the optimum period with regard to the tunability and vividness of the colors. This has important practical implications. Because 500 nm is the minimum scale achievable via conventional photolithography, the fabrication of gratings with smaller periods requires nanofabrication techniques such as e-beam lithography and focused ion beam etching. Fig. 4 indicates that the colors can also be tuned by varying the period of the grating. In a recent study, this was demonstrated by forming transmission gratings with different periods via laser interference. 44 However, color tuning by varying the thickness of the dielectric layer is even easier. Fig. S3 (ESI †) shows the color palette obtained for n ¼ 2.0. The colors changed more quickly with the thickness of the dielectric layer because of the increased refractive index.
To verify the simulation spectra and colors experimentally, 1D gratings with p ¼ 500 nm were formed on the surface of STS substrates via imprinting and etching. The cross sections of the grating grooves were not perfectly rectangular but slightly tapered. The imprinting and etching conditions were adjusted so that the duty cycle and height of the gratings became $0.5 and $60 nm, respectively. Under-cut etching made it difficult to fabricate gratings with larger heights while maintaining the duty cycle at 0.5. Fig. S4 (ESI †) shows scanning electron microscopy (SEM) images of line patterns with different duty cycles and grating heights. All have the same period of 500 nm. The textured STS surface (duty cycle ¼ 0.5 and grating height ¼ $60 nm) was coated with a dielectric layer. SU-8 (n z 1.6) and Si 3 N 4 (n z 2.0) were used as low-and high-index dielectric layers, respectively. The SU-8 layer was coated via spin coating, and the Si 3 N 4 layer was coated via plasma-enhanced chemical vapor deposition. Fig. 5(a) compares the simulation and experimental spectra for n ¼ 1.6 and t ¼ 150 nm under TE polarization. The spectra under TM polarization are shown in the inset. The experimental spectra were obtained with a 150 nm-thick SU-8 layer coated onto the grating. While the TEpolarized experimental spectrum agreed well with the simulation spectrum, the TM-polarized spectrum (particularly the SPR peak appearing near l ¼ 750 nm) deviated from that predicted by the simulation. As discussed later, the TM spectra were more sensitive to the surface morphology of the dielectric layer than the TE spectra. Fig. 5(b) shows the experimental spectra obtained for a Si 3 N 4 layer-coated STS substrate. Although the targeted thickness of the Si 3 N 4 layer was 150 nm, the obtained spectra were similar to the spectra simulated for t ¼ 130 nm and n ¼ 2.0, indicating that the actual Si 3 N 4 thickness was smaller than the target thickness. The dielectric layers on the planar and textured surfaces may have had slightly different thicknesses even though they were intended to have the same thickness.
The strong dependence of the colors on the thickness of the dielectric layer allows color images to be printed by locally controlling the layer thickness. Pressing the dielectric layer with a mold is probably the simplest method for printing color images. It is also favorable for mass production. In this case, the dielectric layer should be mechanically formable. Fig. 6(a) shows the images obtained by coating a SiO 2 sol layer onto a textured STS substrate and then pressing it with a laserfabricated glass mold. The images were captured using a digital camera aer drying the pressed SiO 2 lm. The polarized images were taken by placing a linear polarizer between the camera and the sample. Fig. 6(b) shows the images printed in the same way with solution-coated SU-8 layers. The coated SU-8 lms were polymerized aer pressing. While the color of the images could be varied by adjusting the pressure applied to the mold, the images were mono-colored because the holes formed in the mold had identical depths. To print multi-colored images, the holes in the mold must have position-dependent depths. However, the fabrication of such a mold requires elaborate pattern designs and complicated processes. Another approach for printing color images is to selectively deposit the dielectric layer. The "maple leaf" images shown in Fig. 7 were printed by selectively depositing a Si 3 N 4 layer using a shadow mask. Aer the textured STS surface was coated with a uniform Si 3 N 4 layer, an additional Si 3 N 4 layer was selectively deposited over it using a shadow mask. Thus, the background and image regions had different Si 3 N 4 thicknesses, which are denoted as t b and t i , respectively. A variety of colors, including yellow, blue, green, scarlet, and purple, were produced by adjusting t i and t b . Different colors revealed under different polarizations may be effectively utilized for anti-counterfeiting. The t b and t i values shown in Fig. 7 are the target thicknesses set by the deposition system. The actual thicknesses, which were estimated by comparison with the simulation results, were smaller than the target thicknesses. Thus, the produced colors were different from those predicted by the simulation. Many factors may account for the color discrepancy between the experiment and simulation. Thickness calibration in a thin-lm deposition system is typically performed with lms deposited on planar surfaces. In the simulation structure ( Fig. 1) , the thickness of the dielectric layer was measured from the top surface of the grating. Thus, when a lm is deposited on the grooved surface, its thickness will be smaller than that deposited on the planar surface, because the deposited material rst lls the grooves. Films deposited with and without a shadow mask may also have slightly different thicknesses, although they are set to have the same thickness. Additionally, Si 3 N 4 is dispersive, that is, its refractive index is frequency dependent. In fact, the refractive index of a Si 3 N 4 lm measured on glass via ellipsometry increased from n ¼ 2.0 at l ¼ 800 nm slowly to n ¼ 2.1 at 400 nm. Another potential factor responsible for the color difference is the surface smoothness of the dielectric layer. All these factors indicate that when printing images with dielectric layers, the color design should be based on their actual thickness and morphology, rather than the simulation results. Nevertheless, the simulation provided insight into the inuence of the dielectric layer on the excitation of the SPR and GMR, which plays a central role in producing colors. Fig. S5 (ESI †) shows the SEM images of the textured STS surface before and aer the deposition of the Si 3 N 4 layer. The as-fabricated grating exhibited a duty cycle of $0.5 and a height of $60 nm. Because the STS substrate was too thick to cut, the grating height was measured by casting a polydimethylsiloxane mold from the textured substrate and taking its cross-sectional SEM image. When a 100 nm-thick Si 3 N 4 layer was coated, the width of the grooves was reduced to 200 nm, with a simultaneous decrease in the grating height. As the thickness of the Si 3 N 4 layer increased to 200 nm, the groove width became <100 nm. Because the surface morphology of the Si 3 N 4 layer depended on its thickness, the effect of the surface morphology was simulated using the structure shown in Fig. S6 (a), † where "d" is the height of the grooves formed on the surface of the dielectric layer (n ¼ 2.0 and t ¼ 150 nm). As shown in Fig. S6(b) , † the GMR/SPR combined mode supported by TM polarization was very sensitive to the groove height d, whereas the GMR mode supported by TE polarization was less sensitive to d. The SPR peak excited under TM polarization was located in the nearinfrared region and is not shown in Fig. S6(b) . † In contrast, the duty cycle of the surface pattern had little effect on both resonance modes (Fig. S6(c) †) . The dependence of reection spectra on the incident angle and polarization state of light was also investigated. First, the effect of the incident angle (q i ) was simulated using the structure shown in Fig. S7(a) , † where the plane of incidence is parallel to the grating grooves and the light is incident at q i onto a 150 nm-thick Si 3 N 4 layer deposited on the grating with its electric eld perpendicular to the grating grooves. The surface of the Si 3 N 4 layer was assumed to be planar. Fig. S7 (b) † shows the simulation spectra. The resonance peaks blue-shied as the incident angle increased. This blue-shi was also observed in the experimental spectra ( Fig. S7(c) †). However, the measured peak positions deviated from the positions predicted by the simulation. This is attributed to the fact that the actual surface of the Si 3 N 4 layer was not planar, as shown in Fig. S5 . † In simulating the reection spectra for oblique incidence, scattered beams were not ltered out because it took very long times to detect the 0 th -order specular reection only. Therefore, the simulated reectance was higher than the experimental reectance at short visible wavelengths. The simulation was also performed for the case when the light was incident with its electric eld parallel to the grating grooves in the plane of incidence perpendicular to the grooves (Fig. S8(a) †) . Fig. S8(b) † shows the simulation spectra. The reection spectrum simulated for q i ¼ 10 exhibited two peaks at 600 and 700 nm. The spectral separation between the two peaks increased as q i increased. This behavior was also observed in the experimental spectra ( Fig. S8(c) †) , although the positions and strengths of the experimental peaks were not exactly consistent with the simulation results. STS is widely used in our daily life and industry owing to its excellent resistance to corrosion. Colors and decorations are important for the value improvement of real consumer products. It is well known that Al can be colored by anodization, i.e., by simply forming anodic aluminum oxide on its surface. 45, 46 However, the anodization process alone does not produce bright colors. Although the anodization of STS at elevated temperatures was reported, 47 the formed anodic lms were easily cracked upon drying in air. The structure/method presented in this study provides a promising route to produce vivid and robust structural colors on STS over a wide tuning range. The durability of the surface structures was analyzed using a pencil-hardness tester. The bare STS surface showed a pencil hardness value of 5H. While the hardness decreased to 3H when the surface was textured, it increased to 6H again with a 250 nmthick Si 3 N 4 layer coated onto the textured surface, indicating that coating with a dielectric layer improves the surface hardness. When a thin lm is deposited on a substrate with grooves, its surface morphology depends on the deposition method and groove geometry. However, the lm surface becomes more planar with increasing thickness, regardless of the deposition method used. Thus, if the produced colors are sensitive to not only the thickness of the dielectric layer but also its surface morphology, low-index, thick lms are preferred over highindex, thin lms as the dielectric coating layer. The images shown in Fig. 7 were printed by selectively depositing Si 3 N 4 using a shadow mask. The strong variation of the surface morphology with respect to the thickness made it difficult to predict the colors in advance. Thus, our future research will be conducted with lower-index dielectric materials. Color printing via the mold-pressing method is also an important topic for future studies.
Experimental
A full-wave electromagnetic simulation was performed using FDTD simulation soware (http://www.lumerical.com). A planewave source in the wavelength range of 300-1000 nm was incident normal to the sample surface. The spectral reectance was measured using a power monitor placed above the sample. The simulated spectra were mapped to points on the CIE-1931 chromaticity diagram using colorimetric transformations to determine the corresponding colors. The STS substrates used for this study were prepared from commercially available STS plates (type ¼ STS 304, thickness ¼ 1 mm, one side super-mirror polished). They were cut to have lateral dimensions of 20 mm Â 20 mm. The complex refractive index, N ¼ n + ik, of the used STS substrate was measured as a function of the photon energy by ellipsometry using a polished sample. The dielectric function 3 of the sample was derived from the relation
where 3 m and 3 0 m are the real and imaginary dielectric constants, respectively. The central region ($10 mm Â 10 mm) of the substrate was textured by imprinting and electrochemical etching. A thin photoresist (PR) layer (negative PR SU-8, thickness of 160 nm) was spin-coated onto the substrate surface and imprinted using a polyurethane acrylate (PUA) mold. The PUA mold was cast from a Si master stamp having a tapered 1D line pattern with a period of 500 nm. The Si stamp was fabricated from a (100)-oriented Si wafer via photolithography and anisotropic wet etching using a KOH solution. The imprinted PR layer was cured by ultraviolet (UV) light, followed by baking at 150 C. The baked PR layer was partially eliminated via reactive ion etching so that the surface of STS could be locally exposed. The exposed STS surface was electrochemically etched using a previously reported method; 48 the STS substrate (anode) was immersed in an aqueous solution of oxalic acid (C 2 H 2 O 4 ) together with a Cu block (cathode). Aer electrochemical etching, the residual PR layer was removed using a piranha solution.
SiO 2 sol was synthesized by dissolving 1 M tetraethoxysilane and 1 M methyltriethoxysilane in a pre-mixed solution of ethanol, distilled water, and nitric acid. Aer 24 h of stirring at room temperature, the SiO 2 sol was diluted with 1-butanol to control its viscosity. A SiO 2 sol layer was solution-coated onto the textured STS surface via dip coating. The coated layer was dried at 120 C for approximately 30 min to vaporize the solvent. SU-8 was also used as the dielectric coating layer. A Si 3 N 4 layer was deposited via plasma-enhanced chemical vapor deposition (Oxford PlasmaPro 800Plus). The thickness of the Si 3 N 4 layer was controlled by changing the deposition time at a xed SiH 4 / NH 3 ratio and temperature. The experimental reectance spectra were measured using a UV-visible spectrophotometer with a halogen lamp as the light source. Color images of the samples were captured using a smartphone camera. A linear polarizer was placed between the camera and the sample to take the polarized images. The molds used for pressing were made by drilling holes on the surfaces of thick glass substrates using a high-power laser (UV DPSS laser: wavelength ¼ 355 nm, pulse width ¼ 16 ns, repetition rate ¼ 50 kHz, spot size ¼ 2.7 mm, depth of focus ¼ 11.3 mm, and power ¼ 6.9 W). Shadow masks were fabricated via photolithography and etching using 50 mmthick STS 304 foil. Surface morphologies were investigated using a eld-emission scanning electron microscope (model: JSM-7001F, JEOL Inc. 15 kV).
Conclusions
We demonstrated, by both simulation and experiment, that vivid structural colors can be produced from STS by texturing its surface and coating it with a dielectric layer. The generation of vivid colors results from the SPR and GMR of incident light, which occur on the textured STS surface and inside the dielectric layer, respectively. The study revealed that the colors can be tuned over a wide range simply by varying the thickness of the dielectric layer, thereby shiing both resonances. This allowed color images to be printed by locally controlling the layer thickness. Unlike plasmonic nanostructures and optical metamaterials, the presented structure/method does not require nanofabrication techniques and allows easy color tuning. Thus, it may nd various practical applications, including surface decoration, product identication, anti-counterfeiting, perfect absorbers, and reective color lters.
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